Effect of forcing using a modeled zero-net mass-flux (ZNMF) jet on a stalled NACA 4418 airfoil at Rc=40,000 is examined using two-dimensional numerical simulations. The baseline uncontrolled simulations are modeled after the experiments of Zaman & Culley.
F low control over aerodynamic surfaces can be effectively achieved through periodic excitation. [1] [2] [3] Zeronet mass-flux (ZNMF) devices or "synthetic jets" provide periodic forcing through oscillatory blowing with an essential zero-mean, thus enabling either control/delay of boundary layer separation or global modification of the flow to generate lift while reducing drag. 2, [4] [5] [6] [7] Studies show that these devices improve aerodynamic performance with significantly less addition of momentum as compared to steady blowing. 2 The fundamental mechanism for the ZNMF actuators is the periodic entrainment and expulsion of outer fluid leading to a periodic addition of momentum or cyclic oscillations to a separating boundary layer thereby improving its ability to overcome an adverse pressure gradient. 8 Delay and control of stall using ZNMF devices has been studied extensively on several key issues such as optimal forcing frequencies, 2, 5, 9, 10 waveforms, 10, 11 momentum coefficient, 2, 5, 6 location of the actuator 2, 6 and curvature effects. 12 The key control parameters of a ZNMF jet are the jet frequency, f J , and jet velocity, V J which might be the peak, rms or spatial-averaged velocity during the expulsion phase of a cycle. Although the control authority varies monotonically with V J /U ∞ up to a point where a further increase completely disrupts the boundary layer, the effectiveness of forcing can be manipulated through V J /U ∞ by placing the jet upstream of the separation point. 6 On the other hand the control authority has a highly non-monotonic variation with F + , defined as F + = f J /f n where f n is some natural frequency in the uncontrolled flow. In the past, f n was usually assumed to be associated with the time-scale of the separation region. However, studies have found a large range of F + values that provide effective control. 13 This might be indicative of the fact that there is more than one natural time-scale in these flows and that the physical mechanisms underlying ZNMF based separation control are not yet fully understood.
As pointed out by Mittal et al. 13 depending on flow conditions, there are at least three natural frequencies occurring in a separated airfoil flow. Typically at low angles of incidence where the flow remains attached to suction side of airfoil only the global instability causing Karman vortex shedding exists with a dominant frequency, f wake . At higher angles of incidence due to the presence of an adverse pressure gradient separation may occur, usually near the leading edge and the flow might or might not reattach. In case the flow does not reattach then the flow is subject to at least two natural frequencies, f wake and f SL , the latter due to the local shear layer instability. On the other hand if the flow does reattach before the trailing edge a third frequency scale, f sep corresponding to the separation bubble may also be present. The wake frequency scales as f wake ∼ U wake /W wake , 14 where U wake is flow velocity outside the wake and W wake the width of the wake. On the other hand separation bubble frequency scales as f sep ∼ U ∞ /L sep , L sep being the length scale of the separation bubble. In such a case where the shear layer separates and reattaches there might be lock-on of f SL to f sep through subharmonic resonance. If, however, the flow does not reattach, this frequency scales like a free shear layer i.e. U /θ, 15 where U is the average velocity in the shear layer and θ is the momentum thickness. It is plausible to consider the optimal forcing frequency based on these three frequencies such that it provides maximal flow reattachment as measured by mean surface shear stress, (f J ) optimal = f n(f SL , f sep , f wake ).
The question therefore remains as to which frequency determines the optimal jet frequency. Mittal et al. 13 have reviewed the possibility of a wide range of the optimal values of F + based on the various definitions used by researchers. Studies show that for F + = f J c/U ∞ , optimal values range from 0.55 to 5.5. For F + = f J X T E /U ∞ , X T E being the distance from actuator to trailing edge, this range is found to be 0.5 to 2.0, while for F + = f J L sep /U ∞ optimal values range from 0.75 to 2.0. Overall F + ∼ O(1) provide better flow control, however in certain cases F + > 10 have also shown to result in improved aerodynamics performance. 6 Wu et al. 9 have argued that for post-stall cases, the optimal control frequency should be a harmonic of f wake . Due to the ability of the shear layer to respond to a broad range of frequencies a suitable choice for F + can allow both the vortex shedding and shear layer to lock-on to the forcing frequency or its super-harmonic. Hence there is still a need for further investigation of the non-linear interactions of natural instabilities to the forcing frequency. Mittal et al., 13 Mittal & Kotapati 16 and Kotapati et al. 17 have presented a novel approach of investigating flow with these three distinct frequency scales in a canonical flow configuration with a separated flow over a thick elliptic plate. It was found that forcing the jet at separation bubble frequency provided the most effective means of suppressing separation with shear layer and separation zone locking on to the forcing frequency or its sub-harmonic. On the other hand, when forcing was provided at frequencies higher than that of the shear layer there was no improvement in separation control. In the present work we examine these issues for a conventional separated airfoil flow. The aim is to examine the detailed flow physics over a stalled airfoil and its response to the forcing frequencies. For this purpose we have chosen a 2-D NACA 4418 airfoil for which experimental drag data is available from Zaman & Culley.
18 They have examined the effects of frequencies and velocity amplitude at a single jet location for post-stall cases at high α. For the present work we have chosen a post-stall case at a moderately high α=18
• where the separated flow shows reattachment. It is expected that this flow will contain all three naturally occurring frequencies. Flow control is investigated over a range of frequencies and the effect of two distinct jet locations is also investigated. The airfoil configuration chosen for the current study is shown in figure 1 . The airfoil is a NACA 4418, based on the experimental setup by Zaman & Culley. 18 The chord Reynolds number is set at Re c = 40,000 while the domain size is 7c × 8c with the airfoil placed at the origin. Typical grids used range from 386 × 158 to 544 × 168 and figure 2 shows grid topology. Freestream velocity is prescribed at the inflow, while a non-reflecting boundary condition is used at the exit. Slip boundary conditions are prescribed at the top and bottom walls.
II. Flow Configuration
For the control cases ZNMF actuator is modeled by providing an oscillatory boundary condition on the airfoil surface at a distance x J /c from the leading edge of the form V 0 sin(ωt). The forcing is provided over the length w J /c normal to the airfoil surface. All the control simulations are based on baseline flow configuration at α=18
• . The summary of the cases are listed in table 1. Each simulation requires about 60-70 hours of CPU time on Intel R Xeon and Compaq GS 320 processors.
III. Numerical Methodology
The simulations employ a sharp interface immersed boundary method (IBM) developed by Ghias et al. 19, 20 The method allows for simulation of compressible flow with immersed bodies on non-body conformal grids. The governing equations used are the unsteady, viscous, compressible Navier-Stokes equations written in terms of conservative variables. The equations are transformed to a generalized curvilinear coordinate system, while maintaining the strong conservation form of the equations. 21 The equations are discretized in the computational domain with a cell-centered arrangement using a hybrid second-order central-difference-QUICK scheme, 22 which allows for precise control of the numerical dissipation. The diagonal viscous terms are treated implicitly using a Crank-Nicolson scheme wherein all the other terms including the convective terms and cross-terms are treated explicitly using a low-storage, 3rd -order Runge-Kutta scheme.
23 Using this mixed implicit-explicit scheme virtually eliminates the viscous stability constraint which can be quite severe in simulation of viscous flows. The resulting equations are solved by a LSOR iterative method.
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The immersed boundary (IBM) method is used to simulate flow past immersed boundaries on structured curvilinear girds that do not conform to the shape of the boundary and allows us to simulate the airfoil flow on a single-block mesh with no branch cuts. This topology allows us to maintain relatively better grid quality in the entire domain. The geometry of the immersed boundary is defined by a set of marker points connected by linear segments. Cells whose centers lie inside the immersed body and have at least one neighboring cell with its center located outside the body, are marked as "ghost-cells". The rest of the cells with centers inside the body, which are not adjacent to the immersed boundary, are marked as "solid" cells. The basic idea in this method is to compute the flow variables for the ghost cells such that the boundary conditions on the immersed boundary in the vicinity of the ghost cell are satisfied. Figure 2 shows the curvilinear 2-D grid employed for current study. Use of curvilinear grids allows for the surface of the airfoil to be mostly parallel to the grid lines, maintaining relatively high resolution in the boundary layer. Validation and accuracy tests of this solver against experiments and numerical simulations have been presented elsewhere. In order to benchmark the uncontrolled case, the computed drag coefficients have been compared to the experimental results 18 over a range of angles-of-attack. The results shown in figure 3(a) suggest that the 2-D simulations lead to a reasonable prediction of the drag coefficients upto α = 20
19, 20
• . For α > 20
• the 2-D calculations tend to over-predict the drag which is a clear indication that strong three-dimensional effects are present in the experimental flow.
24 Furthermore, figure 3(b) shows that C l starts to decrease for α > 17
• indicating a stall condition. Results presented henceforth for the baseline and control cases are pertaining to α = 18
• which is a poststall case.
Figure 4(a) shows the instantaneous spanwise vorticity plot for the stall case. Separation occurs near the leading edge and the separated shear layer undergoes a KelvinHelmholtz instability resulting in vortex rollup. These vortices merge and form larger clockwise vortices which eventually convect downstream. At the trailing edge, the pressure side boundary layer separates and rolls up into counterclockwise vortices which together with the clockwise vortices from the suction side form the "wake" of the airfoil. In order to examine the time-scales associated with the various features of this flow, we have extracted in figure 4(b) the temporal variation of the cross-stream velocity component at the three-locations indicated by white circles in figure 4(a) . The streamwise locations of these probes are x/c=0.14, x/c =0.46 and x/c =1.22 which correspond to the shear layer, separated vortices and wake respectively. The corresponding power spectra shown in figure 4(c) indicate that the three distinct naturally occurring frequencies in the flow are f * SL =10, f * sep =2 and f * wake =1. It should be noted that multiple dominant peaks coexist in the spectra and discerning the characteristic frequency is only possible by comparing the corresponding probe data variation over a cycle.
The flow separates near the leading edge of the airfoil at about x/c = 0.032 and reattaches at about x/c = 0.76 in the mean as seen from the streamlines of the time-averaged uncontrolled flow shown in figure 5(a) . The separation bubble formed due to the adverse pressure gradient has a length, L sep /c ≈ 0.72 and height, 
can be clearly identified from the corresponding skin friction on the airfoil surface shown in figure 5(b) . The plot also shows that the separation affects the pressure recovery near the leading edge of the airfoil. 
IV.B. ZNMF Based Forcing
The forcing frequencies have been selected based on the shear layer and separation bubble frequencies of the baseline uncontrolled flow. As listed in table 1, based on f * sep the forcing for three cases (Case 1,2 & 4) are chosen such that f * J = m.f * sep , where m=1, 2. In order to investigate whether f * J has to be indeed a super-harmonic of f * sep , a case with m=1.5 (Case 3) has also been selected. For Case 2, the effect of location on forcing is examined by placing the ZNMF jet inside the separation bubble, while for Cases 5 and 6 the frequencies are chosen close to f * SL . Figure 6 shows the instantaneous spanwise vorticity for all the forced flow cases at the same instant after forcing is initiated. When the flow is subjected to forcing based on the f * sep ahead of the separation point, the separated vortices tend to remain attached over a greater length of the airfoil figure 6(a,c,d ). As f * J is increased so does the ability of the shear layer to produce discrete vortices. Also a reduction in size of the discrete vortices is seen, which is not unexpected since an increase in forcing frequency leads to a reduction in the spatial scales of the shear layer. On the other hand, placing the jet within the separation does not seem to have a significant effect on the flow as seen in figure 6(b) . Figure 6 (e,f) shows forcing near the shear layer frequency leads to the formation of smaller discrete vortices which eventually merge to form a strong clockwise vortex at a much lower frequency than that of the naturally separating shear layer. This indicates the rolling-up coalescence phenomenon under forcing as mentioned by Wu et al.
IV.B.1. Forced flow characteristics
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Mean streamlines seen in figure 7 show the effect of forcing on the separation bubble characteristics. It is seen that for f Control of separation would ideally mean that the flow remains attached over most part of the airfoil and in this particular situation with a leading edge separation, it can be examined based on th trajectory of the separated vortices. Figure 8 shows the comparison of the trajectories of separation bubble vortices for three representative cases to the baseline case. For f * J =2 & x J /c =0.024, discrete vortices are usually found to be smaller and tend to move closer to the airfoil surface, while f * J =10 & x J /c =0.024 performs poorly in this regard where these vortices travel at a greater distance from the airfoil surface. Note that for the latter case the vortices tend to follow a straight path till about x/c=0.3 and after which the vortices follow the path of the baseline case.
Based on our observations, a clearer picture emerges regarding the flow response at the high frequencies that are in the vicinity of the natural shear layer frequency. For the baseline uncontrolled flow, the shear layer evolves in the vicinity of the separation region and its dynamics are substantially modified through interactions in this proximity. In particular, formation of separation bubble vortices allows for mixing of high momentum outer flow into the separated region and tend to mitigate to some extent the effect of the adverse pressure gradient consequently moving the shear layer closer to the airfoil surface which is the case when forcing is based on the natural separation region frequency. In contrast, when the shear layer is forced at or close to its natural frequency it evolves relatively independent of the dynamics of the separation region. Consequently, the shear layer moves in almost a straight line from the point of separation resulting in a larger separation region over the airfoil. Thus, even though the effect of forcing at higher frequency is not the desired one in the current context, the effect is nevertheless interesting since it provides further insights into both the uncontrolled and controlled flow cases.
The averaged pressure coefficient for the three representative control cases are compared with the baseline case in figure 9(a) . The suction peaks for the controlled cases are found to be higher than the baseline case. Overall for the control case with f trailing edge shows higher pressure on the suction side in comparison to the baseline case. Further insight of separation control can be gained by examining the detailed characteristics of the flow in terms of the skin friction coefficient as seen in figure 9(b) . As mentioned earlier forcing ahead of the separation at f * J =2 gives the maximum separation control of the three cases. Forcing at this frequency inside the separation bubble reduces the magnitude of separation, however, the skin fiction distribution is similar to the baseline flow. The sharp drop near x/c=0.07 in skin friction corresponds to the location of the ZMNF jet. At higher frequency the separation extends for most part of the airfoil and the skin friction increases sharply around x/c ∼ 0.81. This is due to the rollup of the trailing edge shear layer onto the top surface corresponding to the increase in pressure in this region, see figure 7(f). The effect of forcing on the airfoil wake is also examined for select cases. As expected for f * J =2 & x J /c=0.024, there is a narrowing of the wake with the same amount of streamwise velocity deficit as the baseline case as seen in figure 10(a) , interestingly however moving the jet within the separation bubble leads to higher velocity deficit with a narrower wake. This indicates that although the wake is narrower, increased deficit will lead to a corresponding increase in pressure drag. Glezer et al. 10 have also observed an increase in deficit with narrowing of wake at low frequencies. For higher forcing frequency there is an asymmetric increase in the width of the wake with a slight reduction in the deficit. Figure 10(b) show the crossstream velocity in the wake which at lower frequencies exhibit similar characteristics with only a marginal difference in deficit and while an upward shift is seen at higher frequency due to the modification of the wake when stronger vortices are formed.
IV.B.2. Effect of Forcing on Temporal Characteristics of Flow
It is known that the shear layer is able to lock-on to the forcing frequency or its super-harmonic, which is necessary for effective shear layer control. 9 In figure 11 we show the frequency spectra for the various forced cases which allows us to examine the effect of forcing frequency on the temporal characteristics of the forced flow. For the first case where f * J = 2 & x J /c = 0.024, we find that both the shear layer and the separation bubble show a distinct lock-on to the forcing frequency. The wake still exhibits a broad peak extending from about f c/U ∞ = 1 to f c/U ∞ = 2 which indicates that the wake retains most of its natural dynamics but at the same time shows some effect of the forcing frequency. It should be noted that the narrowing of the wake due to forcing would also tend to increase the natural frequency of the wake.
The next case is at the same forcing frequency, however the forcing location is shifted to x J /c = 0.07 which is downstream of the separation point and inside the separation bubble. For this case, the separation bubble does lock-on to the forcing frequency. However, unlike the previous case, the shear layer does not show a distinct response at the forcing frequency which is inline with the fact that the forcing is located downstream of the separation point. For f * J = 3 & 4 the response to forcing is similar to that of f * J = 2 at x J /c = 0.024. Both the shear layer and the separation bubble lock-on to the forcing frequency but the wake seems unaffected and retains a dominant peak at its natural frequency. This suggests that forcing at a frequency which is not a super-harmonic of the separation bubble frequency might also be able to elicit a favorable separation control, however further studies are required to confirm this observation.
The last two cases seen in figure 11 (e,f) correspond to high frequency forcing and both show a very similar response which is distinctly different from all the previous cases. First, although the shear layer locks-on to the forcing frequency, both the separation region and the wake exhibit virtually no response to the forcing. This is clearly due to the fact that the high frequency is well outside the receptive range for these regions. Interestingly though, the separation region and the wake show very similar power spectra indicating that these two regions have effectively merged into one and no longer show distinct dynamics. Furthermore, the dominant frequency in this region shifts to a lower frequency of about 0.5 and this is consistent with the formation of large clockwise vortices on the suction surface resulting from the merger of many shear layer vortices. Thus even though the high frequency forcing does not couple directly with the separation bubble or the wake region, its effect on these regions is quite substantial.
In general we observe that varying the forcing frequency has a distinct effect on the natural characteristics of the flow. Forcing near the natural separation bubble frequency ahead of the separation tends to modify both the shear layer and separation bubble characteristics without having a significant effect on the wake. Thus, by locking onto the local instability of the flow it is possible to control the leading edge separation. In addition, this instability is most receptive to forcing ahead of the separation as was also observed in an earlier study. 17 However, when forcing at frequencies close to that of the shear layer although only the shear layer is able lock-on to the forcing, global modification of the flow due to modification of wake and separation bubble characteristics can be attained.
IV.B.3. Aerodynamic Performance
Aerodynamic performance of the airfoil in response to forcing is examined by comparing the averaged total lift and drag coefficients along with the lift-to-drag ratios. Figure 12 Figure 11 . Frequency spectra of cross-stream velocity for (a) f cases show a decrease up to 40% in the lift-to-drag ratio. Since forcing inside the separation bubble shows a slight decrease in both drag and lift its lift-to-drag ratio is similar to that of the baseline case. 
V. Conclusion
Detailed analysis of a post-stall flow over an airfoil at Re c =40,000 has been conducted using 2-D timeaccurate simulations. The separated flow displays three distinct natural frequencies corresponding to the shear layer, separation bubble and wake. The shear layer and separation bubble frequencies for the uncontrolled flow are used as the basis for selecting the ZNMF jet forcing frequencies. In addition to providing forcing ahead of the separation bubble, forcing is also provided inside it to observe the effect of location.
Forcing at or near the separation bubble frequency ahead of the separation point provides effective reduction in separation and a significant increase in the lift-to-drag ratio. In particular, by forcing at these frequencies, it is possible to control the local instability in the natural flow which leads to the leading edge separation. When the excitation frequency is closer to the shear layer frequency, the shear layer evolves independent of the dynamics of the flow. This phenomenon results in large vortices which tend to increase the size of the separation bubble and wake while reducing the frequency of vortex shedding. Placing the jet inside the separation bubble does not improve the lift-to-drag ratio. Overall it was found that improvement in the aerodynamic performance was obtained primarily due to reduction in drag while there was no significant effect on the lift coefficient. Work is currently underway to study the effects of forcing based on the wake frequency. In addition 3-D studies at higher angles of attack are also being carried out.
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